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ABSTRACT

Using global rainfall and sea surface temperature (SST) data for the past two decades (1979-

1998), we have investigated the intrinsic modes of Asian summer monsoon (ASM) and ENSO

co-variability. Three recurring ASM rainfall-SST coupled modes were identified. The first is a

basin scale mode that features SST and rainfall variability over the entire tropics (including the

ASM region), identifiable with those occurring during El Nifio or La Nifia. This mode is further

characterized by a pronounced biennial variation in ASM rainfall and SST associated with

fluctuations of the anomalous Walker circulation that occur during El Nifio/La Nifia transitions.

The second mode comprises mixed regional and basin-scale rainfall and SST signals, with

pronounced intraseasonal and interannual variabilities. This mode features a SST pattern

associated with a developing La Nifia, with a pronounced low level anticyclone in the subtropics

of the western Pacific off the coast of East Asia. The third mode depicts an east-west rainfall

and SST dipole across the southern equatorial Indian Ocean, most likely stemming from coupled

ocean-atmosphere processes within the ASM region. This mode also possesses a decadal time

scale and a linear trend, which are not associated with E1 Nifio/La Nifia variability.

Possible causes of year-to-year rainfall variability over the ASM and sub-regions have been

evaluated from a reconstruction of the observed rainfall from singular eigenvectors of the

coupled modes. It is found that while basin-scale SST can account for portions of ASM rainfall

variability during ENSO events (up to 60% in 1998), regional processes can accounts up to 20-

25% of the rainfall variability in typical non-ENSO years. Stronger monsoon-ENSO

relationship tends to occur in the boreal summer immediately preceding a pronounced La Nifia,

i.e., 1998, 1988 and 1983. Based on these results, we discuss the possible impacts of the ASM



on ENSOvariability via thewestPacificanticycloneandarticulateahypothesisthatanomalous

wind forcingsderivedfrom theanticyclonemaybeinstrumentalin inducingastrongbiennial

modulationto naturalENSOcycles.



1. Introduction

TheAsiansummermonsoon(ASM) is subjectto largeinterannualfluctuationsresultingin

floodsanddroughtsof varyingdegreeof severityin differentASM sub-regions.During the

summerof 1998,thegreatflood overtheYangtzeRiver wasamongoneof theworstnatural

disasterson record(3700deaths,223million peopledisplacedandpropertydamagesup to $ US

30billions). In thesameyear,excessivemonsoonrainfall alsocausedsevereflooding over

Bangladesh(30millions displacedandpropertydamagesup to 3.4billion). Yet, oneyear

before,in the summerof 1997,theaboveregionshadnearlynormalsummerrainfall, but

northernChinaexperiencedrecorddrought,southernChinawasextremelywet with wide spread

flooding, while theaveragedrainfall overtheentireIndia subcontinentwasnearlynormal. The

abovesituationdoesnot seemto beconsistentwith resultsof manypreviousstudieswhich

indicatedasignificantnegativecorrelationbetweentheE1Nifio SouthernOscillation (ENSO)

andtheAsiansummermonsoon(RasmussonandCarpenter1983,ShuklaandPaolino 1983,

WebsterandYang 1992,Lau andYang 1996,JuandSlingo 1995andmanyothers). Various

factorshavebeensuggestedto "explain" thediscrepanciesof theobservedandtheexpected.

Theserangefrom thepossibleimpactsonmonsoonrainfall anomaliesby intraseasonal

oscillations,thebiennialoscillations,IndianOceanseasurfacetemperature,Eurasiansnow

cover,decadalchangesin ENSOmonsooncoupling,to globalwarming. Thesefactorshave

beenthesubjectof a largenumberof recentinvestigations(Lau andWeng2000,Websteret al

1999,ChandrasekarandKitoh 1999,ShenandKimoto 1999,Goswamiet al. 1998,Li andYanai

1996, Meehl andArblaster 1998,Meehl 1997,ShenandLau 1995andmanyothers). It is

plausiblethatall thesefactors,to variousdegree,mayhavecontributedto theASM anomaliesin

1997-98.However,a mererecognitionof possiblefactorsthatmaycontributeto monsoon •



anomalies,does not help with the understanding of monsoon-ENSO relationship and attribution

of ASM anomalies, unless a methodology is developed so that the relative importance and the

interrelationships among these factors can be quantified and evaluated.

One of the reasons for the aforementioned conundrum in identifying causes of ASM

anomalies is that the monsoon-ENSO relationships obtained by previous studies were mostly

based on indices, usually derived for a monsoon sub-region (e.g., the all-India monsoon rainfall

index). Given the complexity and the vast region covered by the ASM, it is questionable that

these sub-regional indices are appropriate measures of the broad-scale monsoon. Likewise,

broad-scale monsoon indices (e.g. Webster and Yang 1992) that were used may not necessarily

be applicable for regional and sub-regional monsoon variability. Recently, a number of

investigators have pointed out the need to better define the regionality of the monsoon using

different indices aimed at determinging regional monsoon climate variability (Goswami et al.

1999, Ailikun and Yasunari 1999, Wang and Fan 1999, and Lau et al. 2000). In particular, Lau

et al. (2000) demonstrated that, based on the characteristics of dynamics and lower boundary

forcings, at least two major subcomponents of the ASM, i.e., the South Asia monsoon (SAM)

and the East-southeast Asia monsoon (EAM), need to be distinguished in monsoon-ENSO

studies. In a pilot study to assess the regional impacts of the 1997-98 E1 Nifio on the Asian-

Australia monsoon, Lau and Wu (1999) found that both regional and basin-scale processes

contributed significantly to the observed all-ASM rainfall anomalies in 1997. However, their

paper did not address sub-regional scale rainfall variability such as those associated with SAM

and EAM.

In this paper, we continue similar line of approach from Lau and Wu (1999), focusing on the

quantitative evaluation of factors contributing to ASM rainfall variability. Unlike previous
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monsoon-ENSOstudies,which mostlyviewedthemonsoonfrom thevantagepoint of El Nifio,

herewe re-examinethemonsoon-ENSOrelationshipbasedona "monsoon-centric"viewpoint.

We will first compareandcontrasttheobservedrainfall andSSTanomaliesin theASM region,

in thecontextof basin-scalevariability of tropicalrainfall andSST(Section3). We thenidentify

andprovidephysicalinterpretationsto variousrecurringmonsoonrainfall-SSTmodesusinga

numberof comparativeanalyses(Sections4). Nextweusethesemodesto reconstructthe

observedASM rainfall anomalies,andto determinerelativerolesof variousphysicalprocesses

in accountingfor theyear-by-yearobservedrainfall anomalies(Section5). Basedonour

findings,wealsoarticulateahypothesisonhowthemonsoonmayimpacttheevolutionof E1

Nifio (Section6). In thiswork, weshallonlybeconcernedwith SST-relatedrainfall anomalies.

Land surfaceprocesseswhich areimportantfor ASM variability will not bediscussed.

2. Data and analysis procedure

We use rainfall, SST and wind for the present analysis. For rainfall, we used the CMAP

monthly product with 2.5 ° x2.5 ° resolution for the period 1979- 1998 (Xie and Arkin 1997). For

SST, we used the optimally gridded 20 x 20 product of Reynolds and Smith (1994) for the same

period. Singular Value Decomposition (SVD) is used to identify the coupled patterns of rainfall

and SST globally (40 ° S- 400 N), and over the ASM domain (20 °S-40 ° N, 30 ° E - 150 ° E) and

different combinations of rainfall and SST domains to evaluate remote vs. regional SST forcings.

While we focus on June-July- August (JJA) for the main discussions, we used the 5-month

period from May through September (MJJAS) in the statistical analysis to include the extended

boreal summer season and to increase the sampling. We use the wind products from the

National Center for Environmental Prediction (NCEP) reanalysis (Kalnay et al. 1996) to aid in



theanalysisandidentificationof physicalmechanismsof thecoupledmodesidentified by SVD

analysis. To ensurethat theresultsarerobustandnot affectedby onemajorepisode,we have

carriedout identicalSVD analysisfor both the20-yearperiodandfor the 19-yearperiod

(excluding 1998). Sincethestatisticalresultsarenearlyidenticalwith or without 1998data,we

only showresultsfor thosefor thefull period.

3. Rainfall and SSTanomaliesduring 1997-98

We startfirst with theobservedmonthlyrainfall andSSTanomaliesoverASM domainfor

JJA 1997and 1998(Figs. la andb). In bothyears,therainfall patternsarequite complexwith

largemonth-to-monthvariations.Major rainfall anomalycenterswere foundmostlyeitherover

theopenoceansor anchoredto oceanicregionsadjacentto the land,suchastheBay of Bengal,

theSouthChinaSea,andtheeasternArabianSea,andthesoutherntip of theIndia subcontinent.

In 1997,thereappearedto besomesimilaritiesbetweentheJuneandAugust largescalerain

patterns,with reducedrainfall overthemaritimecontinentandeasternIndianOcean.The

coastalregionof southernChinashowedabovenormalrainfall for all threemonthsconsistent

with therecordwidespreadflood overthatregion(NationalClimateCenterReport,1998,private

communication). In JulyandAugust1997,belownormalSSTwas foundin theIndonesianseas

andtheeasternequatorialIndianOcean.A slightly warmerIndianOceanwasnoted. However,

theoverallSSTpatternin theASM regionwasnotverywell-organized,with mostSST

anomalieslessthan0.5° C, exceptfor pocketsof warm water( 0.5-1° C) in thewesternIndian

Ocean,off thecoastof easternAfrica. In 1998,therainfall patternshadmoremonth-to-month

persistencewith reducedrainfall overtheSouthChinaSeaandthefar westernPacificand

increasedrainfall over thecentralandeasternequatorialIndianOceanregion for all three

months. The disastrousflood overtheYangtzeRiver regioncanbe identifiedwith abandof
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enhancedrainfall stretchingfrom southwesternChinato thesouthof JapanduringJuneto July.

By August,therainbandhadshiftednorthwardintonortheastChinaandsouthernKorea. On the

broad scale, the rainfall pattern showed a general eastward shift of the region of reduced rainfall,

which resulted in reversal of rainfall anomalies over many sub-regions from those of 1997. The

Indian Ocean was uniformly warmer in June 1998. By July and August 1998, the warm water

had shifted to the oceanic areas within the maritime continent, while the western and central

Indian Ocean SST was below normal, representing a general reversal of the 1997 patterns.

As a background to understand observed monsoon rainfall/SST relationship in the subsequent

analyses, we examine the evolutions of basin-scale SST and rainfall for the 20-year period

leading up to the 1997-98 E1 Nifio. Figures 2a and b show the time-longitude sections of

monthly rainfall and SST anomalies from January 1979 - December 1998. In the SST plot (Fig.

2b), the signatures of the E1 Nifio (1982-83, 1987-88, 1991-92 and 1997-98) and La Nifia (1984-

85, 1988-89, and 1998-99) were very pronounced. During an E1 Nifio, large positive SST was

found stretching from the coastal region of South America to the dateline, and lasting for about a

year, typically peaking near October - December. Notice that a well- defined La Nifia was

developed in late 1998 and 1988 immediately following an El Nifio in the previous year. In

contrast, from 1984 through 1986 (after the 1982-83 E1Nifio), and from 1994 through 1995

(after the 1991-92 E1 Nifio), a weak cold phase appeared to linger. Also noted in Fig. 2b was the

exceptional warmth of the Indian Ocean and the establishment of strong east-west gradient

between the eastern and western Indian Ocean during the latter part of 1997 and early part of

1998 (Yu and Reinecker 1999, Webster et al 1999).

Coherent with the development of the peak phase of E1 Ni_o, was the establishment of an

east-west dipole rainfall anomalies between the central/eastern Pacific, and the maritime
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continent(Fig.2a). This rainfall patternwasassociatedwith thewell-knowneastwardshift of the

Walker circulationassociatedwith anEl Nifio andwasmostpronouncedduring the 1982-83and

1997-98events. During thesetwo events,enhancedrainfall over theIndianOceanwasalso

noted.While coherentvariationsin rainfall andSSTanomaliescanbe identifiedon thePacific

basinscale,therewerestrongintraseasonaloscillationsin rainfall (Fig. 2a),andi:oa lesserextent

in SST(Fig. 2b) in theASM sector.This intraseasonal oscillations appeared as somewhat

discontinuous, eastward propagating signals originating from the far western India Ocean and

terminating near the datelines, except during an El Nifio, when they could reach the far eastern

Pacific. During summer of 1997, an east-west rainfall dipole developed along the equatorial

Indian Ocean at the same time when the aforementioned Indian Ocean east-west SST gradient

became well developed. This rainfall-SST dipole continued to develop, reaching a maximum in

late 1997 and early 1998. The implication of the dipole precipitation and the east-west SST

seesaw on ocean-atmosphere coupling in the Indian Ocean was reported by Webster et al (1999)

and Saji et al (1999).

4. Rainfall-SST coupled modes

To identify the dominant modes of coupled rainfall and SST and to elucidate the role of

remote vs. regional SST forcings on monsoon rainfall, we have carried out four different sets of

SVDs of the monthly rainfall and SST anomaly fields from May through September for the

period 1979-1998, using different combinations of global and regional domains. Here, the global

domain is defined as the entire tropics and subtropics from 400 S to 40 ° N, and the ASM domain

is defined by the latitude-longitude limits of 20 ° S--40 ° N, 30 ° E -150 ° E. The four sets of SVDs

are:



i)

ii)

iii)

iv)

Global SST - Global rainfall (GG)

Global SST - Regional rainfall in the ASM domain (GR)

Remote SST - Regional rainfall in ASM domain (ReR): same as in ii) except that

the SST field is now for the global domain minus the ASM domain, and

Regional SST - Regional rainfall in ASM domain (RR)

In the context of this paper, global scale is used generically to mean the domain that covers

the entire tropics from 40 ° S to 40 ° N. This is to be distinguished from the term basin-scale

which will be specifically taken to mean variability that covers the Indo-Pacific basin. The use of

different domains for SST and rainfall is an attempt to unravel the intrinsic global rainfall-SST

modes (GG), the impact of basin-scale SST on ASM rainfall (GR), the impact of remote SST

i.e., outside of the ASM region, on ASM rainfall (ReR) and finally the structure of dominant

regional modes from a regional SST and rainfall analysis (RR). It is pointed out that because in

reality, regional and global modes are invariably coupled, even the global modes (GG) will

reveals aspects of regional characteristics. Likewise, the regional analysis (RR) will be

influenced by the global modes. Intrinsic basin-scale modes will be identified by their

approximately invariance among the four SVD analysis. In the course of the analysis, we find an

interesting linear trend in the SST and rainfall data. However, since the main focus of this

work is on interannual variability, we decide to only to point out this in the GG analysis, but

defer detailed discussion of the trend, pending further analysis in a separate report. We have

verified that the trend does not affect the qualitative description of the modes. However, in order

to remove any (slight) effect that the trend may have on the quantitative attributions of observed

rainfall in Section 5, we elect to first detrend the data, except in GG, before the SVD analysis is
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applied.Sincethefirst two SVDmodesarebroadlysimilar in all four analysis,we shallonly

showtheresultsfor GG andGR for descriptionsregardingthesetwo modes.For theregional

mode,we usetheresultsfrom GGandRR for comparison.

a. The Global SST- Global Rainfall (GG) Analysis

i) SVD1

Thefirst SVD mode(SVD1) is nearlyinvariantwith respectto thechoiceof domainsand

representstruly basinscalevariability in globalrainfall andSST. Thesquaredcovariance

percentagesexplainedby this modein GGis predominant,varying from 53%to 36% (seeTable

1)amongthevariousanalyses.In all thesubsequentdiscussions,thesignsof theanomaliesare

takenasshownin thefigure. Theactualsignof theanomaliesis dependenton thesign of the

correspondingprincipal component(PC). In thismode,therainfall patternis dominatedby a

largescale,east-westdipolewith positiveanomalyin thecentralequatorialPacificandnegative

anomalyover themaritimecontinent(Fig.3a). In theASM region,negativerainfall anomalies

centersarefoundover theequatorialeasternIndianOcean,theSouthChinaSea,andthe

southernBay of Bengal,while positivecentersarelocatedover thenorthernBay of Bengal,

southernChina,thewesternIndianOceanandwesternAustralia. Otherfeaturesin theglobal

rain field includea tightly couplednorth-southdipolein theeasternPacific, indicatinga

southwardshift of theIntertropicalConvergenceZone(ITCZ), andanegativerainfall center

overnortheasternBrazil. Therangeof therainfall anomaliesareof theorderof -5 to 8

mm/day.

The aboverainfall patterniscoupledto a basinscaleSSTfield thatis characteristicsof the

maturephaseof El Nifio, havingawedge-shapedwarmeasternPacific,acold westernPacific

andeasternIndianOcean,with coldcentralsubtropicalwesternPacific in bothhemispheres(Fig.



3b) in theform of ahorse-shoe.TheEl Nifio relatedSSTpatternin theIndianOceanfeatures

above-normalSSTin thewesternIndia Ocean,with aneast-westSSTgradientoppositeto that

over thePacific. Thewarmerwateroff thecoastof EastAfrica maybeanindicationof the

reducedupwelling associatedwith aweakenedbroad-scalemonsoonduringanEl Nifio. The

PCsof SVD1 for rainfall andSST(Fig. 3c)haveanexceedinglyhigh correlationcoefficient (cc)

of 0.94,showinggoodcorrepondenceto El Nifio andLa Nifia. This patternis very similar,but

not identical to thef'trstemipiricalorthogonalmodeusingSSTalone(not shown). Rather,the

PCsaremoredistinguishedby their sharpreversalsduring theconsecutiveyearsof 1983and

1984,1987and 1988,and 1997and1998respectively.WhatthePCscaptureis not somuchE1

Nifio orLa Nifia eventsby themselves,but ratherthephasetransitionbetweenthemin two

consecutiveyears, i.e.thebiennialcycle. Becauseof theswitchin polarity of thespatial

pattern,SVD1maybe interpretedasthesymmetricor mirror-imagecomponentof thebiennial

variability associatedwith monsoon-ENSOinteraction.Thebiennialtendencyandspecificrole

of ASM rainfall in SVDlwill bediscussedin moredetail in latersections.

ii) SVD2

ThesecondSVD mode(SVD2) from GG(Fig. 4) accountsfor 16%of thesquaredco-

varianceof theglobal rainfall andSSTvariability andis well separatedfrom thehighermodes

(seeTable 1). This modeis characterizedby areductionin thepositiverainfall anomalyoverthe

centralequatorialPacific (for positivesignof PC2),concomitantwith aneastwardshift of the

reduced-rainfallor droughtzonefrom themaritimecontinent(asshownin SVD1 in Fig. 3a)to

thewesternPacific (Fig. 4a). Thedroughtzoneextendsfurthereastwardin two armsto the

easternPacific andtheSouthPacificConvergenceZone(SPCZ). As a resultof theshift,much

of theAsianmonsoonregion,includingtheIndianOceanandmaritimecontinent,EastAsiaand



JapanandAustraliaexperiencedenhancedrainfall. The SVD2 rainfall pattern is coupled to an

emerging cold tongue in the equatorial central Pacific, a shrinking warm water region in the

eastern Pacific and an expanding warm pool in the vicinity of the maritime continent (Fig. 4b).

In contrast to SVD 1, the rainfall PC show only weak biennial transitions, but rather episodic

variations with strong positive projections in 1998, 1988 and 1983. The signal isvery

pronounced and coherent from month to month, during 1998 and 1983. The positive swings are

also quite evident in the SST PC for SVD2, which is quite well correlated with the rainfall PC

(cc=0.79). The negative swings are generally smaller. This may reflect an inherent asymmetry

in the growth and decay of an E1 Nifio and/or the development of a La Nifia. Further evidence

provided in later sections suggest that SVD2 may be considered as a mixed mode, in that it

possesses strong regional as well as basin-scale characteristics.

(iii) SVD3

The third SVD mode (SVD3) for GG explains about 7% of the squared covariance, and is

still well separated from the higher SVDs based on the criterion of North et al (1972). The

rainfall pattern (Fig. 5a) appears to be quite regional, featuring a dipole across the western Indian

Ocean/Bay of Bengal and eastern Indian Ocean/maritime continent. Also found is a secondary

rainfall dipole between the oceanic region surrounding central America, and the land region of

northern South American. This rainfall pattern is coupled to a SST distribution that depicts an

overall, broad scale tropical warming, except near coastal region of northern South America and

the coastal regions of the Asian and African land masses (Fig. 5b). The correlation between the

two PCs in Fig. 5c is quite high (cc=0.85), indicating that this is a highly coupled mode, even

though its share of total covariance is small compared to SVD1 and SVD2. The SST pattern

shows rather pronounced warming over the southeastern Indian Ocean and the central tropical
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andsubtropicalPacific. A largeareaof coolingis foundovertheNorthPacific.Themagnitude

of thewarmingis of theorderof 0.1-0.50C,considerablysmallerthanthoseassociatedwith the

fluctuationof SVDI andSVD 2 (orderof 1-30C). Theaforementionedspatialandtemporal

patternssuggestthattheglobalSVD3pertainsto h globalwarmingsignalwhich is tamperedby

localair-seainteractionsin theAsianaswell astheSouthAmericanregions,at bothendof the

Indo-Pacificbasin. As notedearlier, discussionon theimplicationof possibleeffectof thetrend

is out of thescopeof thiswork.

b. The Global SST-Regional Rainfall (GR) analysis

The GR analysis targets the rainfall variability in the ASM region and its relationship with

global SST. As explained before, the rainfall and SST patterns for SVD1 and SVD2 are

qualitatively similar among all the SVD analysis with different domains, demonstrating that

these are mostly basin scale modes. Based on the GR analysis, additional features arising from

interaction of ASM rainfall may be identified. Since the SVD1 and SVD2 modes are already

introduced in the global analysis GG, the discussion in this section wilt focus on the physical

interpretation and additional information gained from examining SVD1 and SVD2 based on GR.

i) SVDI: the basin-scale mode

In the GR analysis, the squared covariance explained by SVD1 is 47%, slightly less than

that for GG. The SST pattern of SVD1 in GR (Fig. 6c) and its PC (Fig.6b) are virtually

identical to that in GG (Figs. 3b and c), affirming that this is a truly basin-scale mode. The

rainfall pattern (Fig. 6a) and its corresponding PCs for SVD1 (Fig. 6b) is essentially the same as

that in GG, except that the spatial features are more sharply defined and the temporal fluctuations

have larger amplitude and more month-to-month variability. Negative rainfall anomalies (in the

sense of the PC shown in Fig. 6b) are found over the oceanic regions of eastern Indian Ocean,
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Indonesia,SouthChinaSeaandthesubtropicalwestemPacific. Thesenegativeanomaliesare

surroundedby somewhatisolatedsub-regionalscalepositiverainfall anomalieslocatedover the

Bay of Bengal,southernChinaand thewesternIndianOcean. By and large, the monthly

anomalies tend to have the same sign within the same year, and the rainfall PC is highly

correlated with the corresponding SST time variation (cc = 0.78). The aforementioned biennial

switches occurring in 1983-84, 1987-88 and 1997-98 are quite obvious in both PCs.

Figure 6d shows the regression of the 850 hPa wind vectors (plotted as streamlines, with

regions having correlation exceeding 95% significance shaded) against the rainfall PC. The

appearance of a double anticyclone over the Indian Ocean is dynamically consistent with the

large scale negative rainfall anomalies show in Fig. 6a. This implies reduced atmospheric latent

heating accompanied by descending motion over the eastern equatorial Indian Ocean/maritime

continent induced by the anomalous Walker circulation. The northerly wind flow over the

western Indian Ocean is indicative of a weakening of the large scale ASM. The signature of the

anomalous Walker circulation is very clear in the regressed 200hPa wind field (Fig. 6e), showing

strong upper level anticyclones straddling easterlies over the equatorial western/central Pacific,

and confluence (sinking motion) over the maritime continent. As evident in the extensive region

of upper level westerlies over the Indian Ocean and the anomalous cyclonic circulation over

Tibet, the large scale ASM is strongly reduced in 1992, 1987 and 1997 (positive PCs in Fig. 6b),

and enhanced in 1984, 1988 and 1998 (negative PCs in Fig. 6b). It is likely that the enhanced

precipitation (rising motion) in the monsoon land regions may be connected to the reduced

precipitation (descending motion) in the equatorial Indian Ocean through an anomalous local

Hadley circulation. The strong low-level anomalous westerly wind across the Pacific, and the

upper level westerlies over the Indian Ocean and easterlies over the Pacific provide strong
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evidenceof thebasin-scalenatureof thismode.Theshift in theWalker circulationandthe

possibleinducedchangesin thelocalHadleycirculationasreflectedin SVD1,maybe

consideredasthe first --orderor direct impactof E1Nifio -La Nifia on theASM associatedwith

thetransitionbetweenthewarmandcold phases.

It shouldbepointedout thatwhile theSVD1modecapturesthebasicENSO-monsoon

coupling, it is not identicalto theE1Nifio orLa Nifia modeitself. An EOFanalysisof basin-

scaleSSTitself (notshown)yieldsaquasi-four yearcyclewithout thepronounced2-yearswitch

betweenthewarm andcold phasethatcharacterizesSVD1. As statedbefore,physically,SVD1

describesthesymmetricswitch in polarityor mirror imageaspectof thebasinscalemonsoon-

SSTwarm-coldcycle. As discussedpreviously,theswitchin polarity of thewarm andcold

eventsis apparentalsoin Fig. 2a. However,asnotedin thediscussionof Fig. 2a,E1Nifio andLa

Nifia arenot simply mirror imagesof eachother. Thisbringsusto thesecondmode.

ii) SVD2: the mixed mode:

The SVD2 in GR can be identified broadly with that in GG, as can be seen in the almost

identical global SST pattern in the Pacific region between GR (Fig. 7c) and GG (Fig. 4b). There

may be some slight differences in the SST pattern in the Indian Ocean due to local air-sea

interactions. More revealing is in the ASM rainfall pattern and its PCs from GR (Figs. 7a and b)

Here, the rainfall features zonally oriented alternating broad dry and wet belts, with embedding

sub-regional features, broadly resembling those shown in Fig 4a. The sub-regional features

include positive rainfall anomalies over the Yangtze River Basin and southern Japan (-30 ° N),

the Bay of Bengal, and the eastern Arabian Sea; negative anomalies over the westem Pacific and

South China Seas, and positive anomalies anchored by the maritime continent, and an ITCZ-like

structure stretching across the Indian ocean between the equator and 15°S. The rainfall PC
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shows pronouncedmonth-to-monthvariability (Fig. 7b). DuringMJJASof 1998and 1983,the

rainfall andSSTPCshavestrongpositiveprojectionsandhighdegreeof coherence.The

complexsub-regionalscalefeatures,andthepronouncedmonth-to-monthvariability suggestthat

thismodeis stronglyimpactedby subseasonalscalevariability, possiblyassociatedwith the

intraseasonaloscillations,asdiscussedin Fig. 2. Theregressed850hPawind pattern(Fig. 7d)

indicatestherainfall variability of thismodeis linked to a stronglow levelanticycloneoverthe

subtropicalwesternPacific,just off thecoastof EastAsia. During its positivephase(developing

LaNifia), thewesternPacificanticyclone(WPA) induces strong easterlies in the equatorial

regions of the western Pacific, across the South China Sea into the Bay of Bengal. The WPA

has been shown to be instrumental in leading to excessive rainfall over the Yangtze River region

as occurred in 1998, by transporting moisture from the South China Sea into the region (Lau and

Weng 2000). Additionally, the WPA appears to be connected to basin-scale anomalous easterly

wind emanating from the southeastern Pacific. The regressed 200 hPa (Fig. 7e) wind shows that

the WPA is associated with an upper level wave pattern in the region of the subtropical East

Asian jet, comprising a ridge over coastal East Asia and an upper level low over the subtropical

central Pacific. In the equatorial region of the eastem Indian Ocean, maritime continent and

western Pacific, SVD2 (in its positive phase) is associated with upper level westerlies and

southwesterlies, reversed from the low level flow. The large scale circulation patterns are similar

to those observed for the intraseasonal oscillations in the ASM region ( Knutson and Weickman

1987, and Rui and Wang 1990). These patterns also suggest a weakening of the large scale

ASM monsoon during the positive phase of SVD2, most pronounced in 1998, 1987 and 1983

(Fig. 7b). As mentioned previously, and evident in the associated SST pattern (Fig. 7c ) and its

correpsonding PC (Fig. 7b), this mode may signify the asymmetric, or non-mirror image
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componentof thetransitionphaseof E1Nifio/La Nifia. Thecouplingof therainfall andSST

PCsareonly moderate(cc=0.59). Thelowercorrelationis probablydueto thestrong

subseasonalscaleregionalvariability inherentin this mode. Due to thepresenceof both

pronouncedregionalandbasin-widesignatures,this modemayarisefrom theinteractionof

monsoonandbasin-scaleSST,aswell asregionalcoupledSSTprocesses.Theimpactsof E1

Nifio on this mode are likely to be "indirect", i.e., though enhancement of local processes and/or

modification of the El Nifio by the monsoon itself. These impacts are probably nonlinear in

character. Henceforth we shall refer to SVD2 as the mixed mode.

c. Regional SST-Regional Rainfall Analysis (RR)

In this subsection, we focus on the discussion of the regional mode SVD3 based on RR.

Here, the regional mode accounts for approximately 8% of the squared covariance, somewhat

larger than those (5-7 %) based on the other analyses (see Table 1). This amount is still relatively

small compared to the two dominant modes, SVD 1 and SVD2. As noted before, this mode is

also affected by a linear trend, which has been removed for this analysis. It is only marginally

separated from the higher modes. Hence the results here must be taken with caution. The

rainfall pattern for this mode is characterized by an east-west rainfall dipole across the equatorial

Indian Ocean between equator and 15 ° S (Fig. 8a). Elsewhere the rainfall anomalies are weak,

and appear to form bands oriented northwest to southeast, spanning the eastern Indian Ocean

and western Pacific. This orientation appears to bear some relationship with the SST anomalies,

which spots a northwest-southeast oriented warm tongue stretching from the southeastern Indian

Ocean off the west coast of Australia to the central equatorial Indian Ocean (Fig. 8b). Cold

water is found off the west coast of Sumatra in the extreme eastern Indian Ocean and much of

the South China Sea and subtropical western Pacific adjacent to the East Asian continent (Fig.
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8b). Thecorrelationbetweenthetwo PCsarequitehigh(cc=0.70). Theyexhibit variationsof

3-4 years and longer time scales, but bearing little relationship to El Nifio (Fig. 8c).

The regressed 850 hPa wind field (Fig. 8d) shows that there is no significant basin-scale

wind correlation over the vast stretch of the central and eastern Pacific. Significant wind

correlation is confined to the ASM region, with a circulation pattern suggesting low level inter-

hemispheric transport originating from an anticyclone over the southeastern Indian Ocean via

westerlies across India and IndoChina, ending in a cyclone over the subtropical western Pacific.

The pattern appears to be consistent with orientation of SST anomalies in the eastern Indian

Ocean for this mode (Fig. 8b). The apparent coupling between the anticyclonic flow in the

southern hemisphere to a cyclonic flow in the northern hemisphere is also dynamically consistent

with a local Hadley cell connected by heat sources and sinks away from the equator. The 200

hPa regressed wind shows little basin-scale features in the equatorial region, but suggests a

connection with the wintertime circulation of the southern hemisphere.

While the details of the rainfall and circulation features may be somewhat questionable due

to its marginal significance, the lack of basin-scale wind features supports the interpretation of

this mode as a regional mode, unrelated to E1 Nifio/La Nifia. Recent findings of similar rainfall

dipole in the Indian Ocean by Webster et al (1999) and Saji et al (1999) may provide some

indirect support that this mode may be physical. These authors find that the modes are most

prominent in September -November. This may be one of the reasons for the weak signal of this

regional mode noted in this analysis

5. Reconstruction and attribution of ASM rainfall anomalies

Having identified the principal coupled rainfall-SST modes and their possible physical

underpinnings, we now proceed to evaluate the possible causes of the observed interannual ASM
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rainfall anomalies. Usingtheprocedureasdescribedin LauandWu (1999),wecomputethe

cumulativeanomalouscorrelation(CAC),definedby

i

= ,k _ SVD(k) * PC(k)j >,CACi, j <Oj =1

Where, j is the year index; < > denotes the normalized pattern correlation over a chosen domain

between the observed rainfall, Oj, and the reconstructed rainfall pattern using up to the ith SVD

vector. The incremental contribution to the anomaly correlation by each mode is given by A_j =

CACtj, Azj = CAC2j - CAC_j etc. Since the CAC is a measure of the similarity of the re-

constructed rainfall field to the observed with perfect knowledge of the SST field, it can also be

considered as an upper bound on the predictability of the ASM rainfall. Based on the explained

co-variance, it is likely that a major portion of the predictability may reside in the first two SVD

modes and to a lesser degree also in SVD3. Inspection of the mode-by-mode contribution to the

reconstructed rainfall field (not shown) indicates that SVD4 and SVD5 may contribute to

realistic sub-regional features that significantly increase the CAC and therefore may enhance

predictability in some years. However, the higher order (>5) modes are increasingly variable,

containing small scale features that are unlikely to have any predictability. This is also evident

in the fact that the contribution to the CAC in most cases levels off after the 4 'h and the 5 _' SVD

modes. Therefore, we will consider the CAC's only up to the 5 'h SVD mode as the upper bound

to predictability in the following discussions. Using the aforementioned procedure, we have

computed the attributions of the all- ASM domain as well as various monsoon subdomains.

They will be discussed separately.

a. All- ASM domain

Fig. 9a shows the CAC for up to the 5 'h SVD mode each year for the entire data period for

the entire ASM domain for GR. The contribution of each mode to the observed rainfall
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variability is shown by the length of the vertical bars, with different shadings for each mode.

The direct impact of the basin-scale SST anomalies (SVD1) is not very high (CAC< 0.25).

When the mixed mode (SVD2) is included, the CAC increases substantially (> 0.3). For all

years, the contribution of the regional modes (SVD 3 to 5) to the CAC is non-negligible. Indeed,

to achieve useful "prediction" skill, say, CAC value of 0.5 or higher, the contribution of the

regional modes are required, except in years of strong La Nifia, i.e., 1998 and 1984, when the

first two modes suffice. It is noticed that the basin-scale contributions from SVD 1 and/or SVD2

are generally larger in the developing phase of La Nifia (1998, 1988, 1984) compared to the

developing E1 Nifio (1982, 1987, 1997). Since the regional effects are partially represented by

SVD2, and by SVD3 and higher modes, they contribute as large as, and sometimes larger than

basin-scale effects.

Fig. 9b shows the CAC for ReR, in which the SVD modes are computed from ASM rainfall

and SST from outside the ASM region. With the SST information in the ASM region withheld,

the total CAC (up to the 5'h mode) for all years are generally lower than GR (Fig. 9a). The

reduction is mostly due to the reduced contributions from SVD3 and/or higher order modes. The

contribution by SVD 1 remains about the same and that by SVD2 is generally smaller. Notice

that the contributions of SVD1 and SVD2 remain very high and almost unchanged from GR in

1998, suggesting that remote forcing dominate rainfall variability over the ASM region for that

year. These results are consistent with the physical interpretations that SVD 1 is a basin-scale

mode, and therefore can be adequately represented by remote SST variations in ReR. On the

other hand, SVD3 and higher modes, and SVD2 partially, involve coupled SST processes in the

ASM region and therefore are not as well represented in ReR.
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To further illustratethe impactof remotevs. regionalSSTforcings onASM rainfall, we

havecomputedtheyear-by-yearerror varianceof thereconstructedrainfall anomaliesrelativeto

theobservedover theASM regionfor thethreecases,GR,ReRandRR (Fig. 10). It is obvious

that ASM rainfall anomalies"predicted"basedonly on remoteSSTAforcing (ReR)hasthe

largesterror variance.Theinclusionof SSTinformationin theASM region in GR andRR can

substantiallyreducetheerror varianceby 20-30%. In individual years,thereductioncanbe

higheror less. For example,in 1997,theerror varianceis reducedover40% from about3.1 to

1.7(mm/day)2. In contrast,in 1998,theerrorreductiondueto inclusionof regionalprocessesis

considerablyless. This is consistentwith theresultsshownin Fig. 9, which indicatesthatthe

basin-scaleimpactsof El Nifio/La Nifia isvery largein 1998.Note thattheuseof global SST

(GR) producesonly aslight reductionin theerrorvariancecomparedto theuseof SSTin the

ASM regiononly (RR). This is becausetheSSTin theASM regionis affectedby basin-scaleas

well asregionalscaleprocesses.Hence,SSTvariability in theASM regioncontainsbasically

most,if notall, theregionalandbasin-scaleinformationneededto predictASM rainfall.

However,this is not to saythatthatwedonotneedremoteSSTanomalyfor monsoon

prediction. In fact,predictionof SSTAin thecentralandeasternPacifichasmuchbetterskill

comparedthosein theASM region. Wealsonotethatin 1986,theerror varianceis very small

for all threecases. An inspectionof themonthlyrainfall patternsovertheASM indicatesthat

the 1986anomaliesarevery mild andhavevery little month-to-monthvariability, sothat much

of variability (includingmagnitude)is capturedby thebasin-scaleSSTfluctuation.

b. ASM subdomains

In this subsection,weprovidequantitativeestimatesof attributionsto rainfall anomaliesfor

two key subdomainsof the ASM, i.e.,theSouthAsianmonsoon (SAM) (70-100° E, 10-300 N)
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including theBay of Bengal,andtheEastAsianmonsoon(EAM) (100-1400E, 10-35°N). They

areshownasoutlinedboxesin Fig. 1. Lau etal (2000)haveshownthat thesetwo subdomains

possessfundamentallydifferentdynamicsandshouldbeexaminedseparatelyfor monsoon-

ENSOinteractions. Here,wewill focusonly on thecomparisonbetween theyears, 1982-84,

and 1997-98 whichcoverthewarm-to-coldphasetransitionperiodfor thetwo majorE1Nifio of

the20'hcentury.

i) TheSAM subdomain

TheCAC of theGR SVD modesfor theSouthAsianmonsoon(SAM) subdomainare

shownin Table2. As notedin thediscussionof Fig. 2, the 1982-83El Nifio differs from the

1997-98eventin that thebiennialswitch,i.e., thecoldphasetransition,is notaswell developed

with thewarm phaselingeredonthroughtheendof 1983andthecold phasethrough1984-85.

This is reflectedin its impactonSAM asshownin Table2. First,weconsiderthesimilarities

betweenthetwo events. During thegrowthphaseof thewarmevents,1982and1997,the

basin-scaleeffects,bothdirectandindirect (SVD1andSVD2)aresmallor non-existent,as

indicatedby theCAC of 0.04and0.0 for SVD1-2for 1982and1997respectively. In thesetwo

years,mostof therainfall anomaliesoverthissubdomainaremostlydueto regionalscale

processes(SVD3 andhigher). During thedevelopingcold phase(1983,1984and1998),the

basin-scaleinfluencesfrom SVD1andSVD2areincreasedsubstantially,asindicatedby the

largeCAC (=.39,.58,and.57)comparedto themean(=.32). A featurecommonto bothevents

is that thebasinscaleimpact(SVD1andSVD2)onSAM is strongestin thesummerseason

(1998,1984)precedingthepeakcold SSTwhichoccurs1-2seasonslater(seealsodiscussionin

Section6). A key differencebetweenthetwo events,is thatin 1983and 1984,thereareno

changesin theCAC betweenSVD1andSVD1-2. Thismeansthatthereis little or no influence
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from themixed mode(which includeintraseasonalvariability andbasin-scaleSSTeffects),

while theeffectof this modeis verypronouncedin 1998. If weassumethatpotential

predictabiltyof theASM comesmostlyfrom thebasin-scaleandmixedmodes,thenwe see

substantialincreasein potentialpredictability of SAM in 1984and1998with CAC reaching

0.70and0.74,respectivelycomparedto themeanof 0.50. During thewarm phageof 1982and

1997,the impactof basin-scaleSSTon SAM is almostnon-existent,eventhoughfor theASM

domainaswhole, therearesignificantbasinscaleimpacts(seediscussionfor Fig. 9). This

illustratestheimportantpoint thatsubregionalscalevariability is generallynot representativeof

theentireASM region.

We notealsofrom comparingSVD1 to SVD1-2overthe20-yearmeanthatin general,SVD1

(thedirectENSOimpact),contributesconsiderablymorethanSVD2 to theCAC overtheSAM

domain(0.28for SVD1out of thetotalof 0.32for both)overtheSAM domain. Physically,this

meansthatfor interannualvariability,SAM is affectedmorestronglyby the shift in theWalker

circulationthanby theWPA andassociatedintraseasonaloscillations.

ii) TheEAM subdomain

Table3 showstheCAC for theEAM subdomain. In thedevelopingwarm phase,1982and

1997,thecontributionsfrom basin-scaleeffects(SVD1and2) aresmall(=0.28and0.23

respectively)andsignificantlybelow the20-yearmean(=0.36). Howevertheregional

contributions(SVD 3 andhigher)seemto increase.As aresult,thetotalCAC (SVD1-5)for the

two years,0.39and0.44 respectively are not significantly different from the 20-year mean of

0.42. During the decaying warm phase (1983), or developing cold phase (1984, 1998), the

contributions from SVD 1 and/or SVD2 more than double, indicating large increase in basin-

scale and related regional SST influences. This increase, together with additional contributions
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from theregionalmodes(SVD3andhigher)boostthetotalCAC to above0.70 for 1983,1984

and 1998,well abovethe20-yearmean(=0.42). Notethatfor 1998,thereis nocontribution

from SVD1,andthatthemixedmode(SVD2)contributesnearlyalmostall theCAC. This

implies thestronginfluenceof theWPAon theEAM during thatyear. Again, wenotethat it is

in thedecayingwarm phase,or thedevelopingcold phasethatthemonsoon-ENSOconnection

seemsto besharplyenhanced.

Thebreak-downfor the20-yearmeancontributionindicatesthatthebasin-scalemode

(SVD1)andthemixedmode(SVD2)both influencetheEAM region,with strongerinfluence

from the latter. In otherwords,theEAM is morestronglyimpactedby SSTforcings via the

WPA, andlesssofrom thedirectimpactfrom theshift of theWalker circulation. Sincethe

WPA effect is "indirect", arisingform the interactionof intraseasonalvariability andbasin-scale

forcings, it is lesspredictableandmaybe thereasonfor a lackof arobustENSO signalin EAM

(cf., Lau et al. 2000).

6. A hypothesis

In previous sections, we have found that the evolution of the E1 Nifio/La Nifia cycles during

1982-84 and the 1997-98 are quite different and that their impacts on the ASM and its

subdomains are also different. In particular, we have noted the year in which the transition form

warm-to-cold phase appears to show the stronger monsoon-ENSO connection. Here, we

address the converse problem and explore the hypothesis that the 1982-84 and the 1997-98 E1

Nifio/La Nifia evolved differently because the forcings by the ASM on the E1 Nifio's were

different. As discussed in Section 5, SVD1 is associated with anomalous low level westerlies

(easterlies) in the equatorial western Pacific resulting from the eastward (westward) shift of the

Walker circulation during an El Nifio (La Nifia). Likewise, the mixed mode (SVD2) is
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associated,duringaLa Ni_a, with low leveleasterliesin theequatorialwesternPacific, linked to

theWPA off theeastcoastof EastAsia. In thefollowing, weshallusetheseidentificationsin

examiningthepossibleeffectsof theseASM relatedwind forcingson theevolutionof El Nifio

/La Nifia.

Fig. 11 shows the Nifio -3.4 SST variation, and the rainfall PCs, which represent the strength

and sign of the SVD1 and SVD2 modes for the periods 1981 -84, 1986-1989 and 1996-1998,

including the warm and cold phases transitions. To facilitate the comparison, the sign of the PC

for SVD2 has been reversed, so that a positive (negative) sign in both PCs denotes anomalous

westerlies (easterlies) in the equatorial western Pacific. To focus attention, the following

discussion will be devoted mostly to the two major events, 1982-84 and 1997-98. Comments on

the 1987-89 will be provided when appropriate. As noted in the discussion of Fig. 2b and from

the Nifio -3.4 SST time series (Fig. 1 la), the 1982-83 event had a longer cycle, with the cold

and warm phases lasting about 4 years, while the 1997-98 events had a much shorter cycle of

approximately two years (Fig. 1 lc). During JJA 1982, SVD1 was large and positive, indicating

prevailing low level westerly wind over the Pacific from the eastward shift of the Walker

circulation (see Fig. 6d). This westerly wind increase was likely to excite eastward propagating

oceanic Kelvin waves, and contribute to the development of the warm phase (Kessler et al.,

1996). Since SVD2 was weak, the WPA contributed very little to the warming in JJA 1982.

As the Ni_o 3.4 SST evolved, it peaked around October -December, 1982. The turn-around may

have to do with various mechanisms, including possible interactions with the winter monsoon

which will not be discussed here. In the following summer, SVD2, via the WPA, contributed

strong low level easterlies over the western Pacific. This easterly wind was, however, opposed

by westerly wind remaining from the warm event, i.e., the Walker circulation remained shifted
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eastwardfrom its climatologicalposition,resultifigonly in aweakcold eventin 1984. During

JJA 1984,strongcontributionfrom SVD1andpartially from SVD2producedeasterlywind over

thewesternPacific, leadingto thefurtherdevelopmentof LaNifia in thewinter of 1984-85.

Fig. 1lc showsthat thegrowth phaseof the 1997-98El Nifio wassimilar to thatof 1982-83,

in that SVD1, i.e., eastwardshift of theWalker circulation,was mostlyresponsiblefor therapid

warming. Similar to 1982,theNifio -3.4SSTreachedits peakedin October-December,1997.

However,thedecayphaseof E1Nifio evolvedverydifferently. FromMay throughSeptember,

1998,bothSVD1(theWalkercirculation)andSVD2(theWPA) werestrongandextremely

coherent.Theyconspiredto producevery strongeasterlywind anomaliesover thewestern

Pacific. As a result,theEl Nifio rapidly terminatedandLaNifia emergewithin 12-months,

giving rise to avery distinctbiennialsignal. TheaforementionedinterplaybetweentheWalker

circulationandtheWPA, in relationto Nifio 3.4SSTvariationappearedto alsofit the 1987-88

event(Fig. 1 lb), which was similar to the 1997-98 event in having a distinct biennial signal.

Hence it is plausible that, not only the E1 Nifio impacts the ASM, but wind anomalies derived

from ASM anomalies may have a strong impact on the evolution of E1 Nifio/La Nifia cycle.

7. Conclusions

Using 20-years of rainfall and SST data, we have identified natural modes variability in the

Asian monsoon region and explore their physical underpinnings. Using these natural modes, we

assess the role of monsoon-ENSO coupling and other physical processes in contributing to

rainfall variability over the all- Asia monsoon domain, as well as the South Asia and the East

Asian subdomains. Based on the present results, we propose a plausible mechanism by which

the ASM may affect the evolution of ENSO.
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We foundthreenatural,recurringcoupledmodesthatmayplay importantrolesin interannual

variability of theASM rainfall. Themostdominantcoupledmodeaccountsfor 36-53%of the

covariance,dependingon theanalysisdomain. It is characterizedby abasin-widecoherent

pattern,associatedwith theeast-westshiftsof theWalkercirculationandSSTanomalypatterns

acrosstheequatorialIndo-Pacificbasinthatoccurduringthetransitionphasesof E1Nifio andLa

Nifia. In this mode,theASM rainfall is affectedby largescalesinking (rising) motionsover the

equatorialIndianOcean and maritime continent, and induced changes in the local Hadley

overturnings. This coupled mode differs from the traditional ENSO SST mode, in that it

emphasizes the symmetric or mirror-image component of the transition, with a strong biennial

tendency. This mode may be considered as the first order or direct impact of ENSO on the

ASM.

The second mode is a mixed basin scale and regional coupled mode with large month-to-

month variability suggestive of strong influence by intraseasonal oscillations. It accounts for

approximately 16 -22 % of the total covariance, depending on the size of the domains. This

mode is characterized by strong anomalous anticyclone in the subtropical western Pacific, off the

coast of East Asia, coupled to a developing anomalous warm pool in the oceanic regions adjacent

to the ASM land masses, i.e., the eastern Indian Ocean, the South China Sea and the western

Pacific, and to an emerging cold tongue in the equatorial central Pacific. This mode appears to

describe the asymmetric or the non-mirror image component associated with E1 Nifio/La Nifia

transition. During 1998, this mode had very strong influence on rainfall anomalies over East

Asia region. This mode may be construed as providing the "indrect" impact of ENSO on

monsoon in that it is governed by regional monsoon coupled processes and interactions with

basin-scale SST and winds
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The third modewhich accountsup to 8%of therainfall/SSTcovariability,consistsof a

rainfall dipole in theIndian Oceanjust southof theequator,coupledto a northwest-southeast

orientedSSTanomalyin theSouthernIndian Ocean. This modeexhibits featuresthatare

suggestiveof regional interhemisphericteleonnectionsbetweentheAustralianwintertime

circulationandtheASM.

An analysesbasedon cumulativeanomalycorrelationshowsthatfor theall-ASM domain,

regionalmodesplay an importantrole, in additionto basin-scaleor ENSO-relatedmodesin

determiningASM rainfall variability. Different sub-regionswithin theASM maybe impacted

differently by thevariousnaturalmodes.For example,theSouthAsianmonsoonrainfall is

affectedmoreby theeast-westshift in Walkercirculation,while theEastAsian monsoonmore

by theWestPacificAnticyclone. Monsoon-ENSOconnectionappearsto possessan intrinsic

asymmetry,beingstrongerduringthesummerprecedingawell-definedLa Ni_a, i.e., 1984,

1988,1998,andlesspronouncedduringthedevelopingwarm phase,1982,1987and 1997. All

threemodesmaycontributeto thepotentialpredictabilityof theASM.

Our resultssuggestthatstrongmonsoon-ENSOtendto occurwith a pronounced2-year

polarity switch in basinscaleSSTanomalies,i.e., thetransitionphases,sothatmonsoon-ENSO

relationshipneedto beconsideredin pairsof years,in relationshipto theevolution of SST.

Basedon thepresentresults,wehavearticulatedapossiblemechanismin which theASM may

inducea strongbiennialsignal,modulatingENSOcycles. We arguethat in additionto the

well-know eastward shift of the Walker circulation associated with E1 Nifio/La Nifia transition,

the western Pacific anticyclone may be a crucial link that determines how biennial and

intraseasonal oscillations may influence monsoon-ENSO interactions. The full interaction of
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monsoonandtheENSOcycles,however,is likely to involveboth thewinter andsummer

componentsof theAsian-Australianmonsoon.
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Table 1 Percentage of squared covariance explained by the first five SVDs of

monthly rainfall and SST for MJJAS for various domains, GG, GR, ReR and RR.
See text for definitions of the domains.

GG

GR

ReR

RR

SVD1

53

47

53

36

SVD2

16

16

15

26

SVD3 SVD4

4

6

SVD5

3

4

Table 2 CAC contribution to the observed South Asia monsoon rainfall anomalies by the

coupled modes. Cumulative contributions up to the Nth mode in indicated by SVD1-N. The
incremental contribution from each mode can be obtained as the difference with the column to

the left.

SAM

1982

SVDI-1

Mean (1979-98)

0.0

SVD1-2

0.04

SVD1-3

.15

SVD 1-5

.51

1983 .39 .39 .40 .40

1984 .58 .58 .60 .70

.28 .32 .50.4O

1997 .0 .0 .54

1998 .i5 .57 .64 .74

Table 3 Same as in Table 2, except for the East Asia monsoon rainfall
EAM SVD 1-1 SVD1-2 SVD 1-3

1982

1983

1984

Mean (1979-98)
1997

1998

SVD1-5

.17 .28 .33 .39

.38 .62 .70 .70

.40 .67 .70 .71 ........

.10 .36 .38 .42

.2 .23 .34 .44

.0 .62 .67 .70
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FigureCaptions

Figure 1Rainfall anomalies(mm/day)andseasurfacetemperature(° C) duringJune,July,

Augustof a) 1997andb) 1998.

Figure2 Time-longitudesectionsof a)monthlyrainfall anomaliesand b) monthly SST

anomaliesfor theperiod1979-1998

Figure3 Singulareigenvectorof SVD1basedonGG, for a) rainfall, b) SSTandc) the

correspondingPCs,aslabeled.

Figure4 Sameasin Fig.3,exceptfor SVD2 for GG.

Figure5 Sameasin Fig.3, exceptfor SVD3 for GG.

Figure6 a)Singulareigenvectorsof ASM rainfall for SVD1basedon GR,

b) correspondingPCsfor rainfall andSST,

c) singulareigenvectorsof global SSTfor SVD1basedonGR,

d) streamlinebasedon regressionof 850hPavectorwindagainstrainfall PCin b) with

regionsexceeding95%significanceshaded,and

e) sameasin d) exceptfor streamlinebasedon regressionof 200hPavectorwinds

Figure7 Sameasin Fig. 6,exceptfor SVD2 for GR.

Figure 8 Singulareigenvectoro for SVD3,basedonRR for a)rainfall, b) SST, c)

correspondingPCsaslabeled,andd)regressionof 850hPavectorwind againstrainfall

PC,ande)regressionof 200mbhPawind againstrainfall PC.

Figure9 Year-by-yearcumulativeanomalycorrelationbetweenreconstructedandobserved

ASM rainfall for a)GlobalSSTandregionalrainfall (GR) andb) RemoteSSTand

regionalrainfall (ReR). Redbardenotescontributionby SVD1. Incremental
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contributionsby SVD2,SVD3,SVD4plus SVD5areindicatedby blue,greenand

yellow respectively.

Figure 10 Year-by-yearerror variancebetweenobservedandreconstructedrainfall basedon the

first five singularvectorsfor GlobalSST-RegionalRainfall (GR), RemoteSST

-RegionalRainfall (ReR)andRegionalSSTandRegionalrainfall (RR).

Figure 11. Time seriesof Nifio -3.4SSTduring 1981-84,1986-89and 1996-98,showing

relationshipof SSTvariationto PCs for SVD1(darkshadedbar)andSVD2 (light

shadedbar). Positive(negative)valuesdenotewesterly(easterly)wind anomaliesin

thewesternPacific.
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